Unmanned aerial vehicle (UAV)-assisted microwave wireless power transfer (WPT) enables the deployment of radio frequency (RF)-power-driven, battery-less sensor nodes in rural areas such as farm fields. Unlike in urban areas, suitable ambient radio waves for RF energy harvesting are not available in rural areas, therefore, we propose using UAVs to carry active RF sources. The UAVs will cover large fields and function as movable power feeders. To feed power to sensor nodes or any power feeding target efficiently, a UAV needs to be navigated to the desired power feeding point, which is usually right above the target; however, a Global Positioning Services (GPS) system is not accurate enough for this purpose. Therefore, this paper presents two trilateration-inspired sensor node position estimation methods for UAV WPT, based on the relationship between the sensor-UAV distance and power transmission efficiency. After the UAV collects data of several distances, measured by the sensor node from different UAV locations, the UAV then estimates the position of a sensor node by utilizing the data. In the direction-based approach, circles with the radius set as the measured distance are first centered at the measurement positions. Then, all the intersections of the two circles are calculated. Further, by relying on the assumption that the sensor node would be in the direction where the largest number of intersections is observed, the average position of the intersections included in the direction is regarded as the estimated position of the sensor. In the least squares approach, the position that minimizes the sum of squares of errors, obtained from the measurement results, is assumed to be the sensor position. By comparing the direction-based and least squares approaches to the conventional hill climbing method, we found that the least squares and direction-based approaches can complete power feeding faster in average by 52% and 26%, respectively, compared to the hill climbing method. Combining GPS with our least squares approach will enable the UAV to reach the appropriate zone rapidly and complete the power supply process quickly so that power may be delivered to more sensor nodes in less time.
Introduction
Precision farming has large potential for enhancing farming productivity since it enables efficient natural resource management. The collection of environmental and crop data by using various sensors is a crucial part of precision farming; therefore, an agricultural wireless sensor network is considered as one of the most attractive Internet of Things (IoT) applications [1] , [2] . While there are several commercialized agricultural sensing systems, their cost tends to be forbidding to large-scale implementation. The cost of an agricultural sensing system can be broken down to initial and operational cost. Currently available sensors and data loggers are mainly designed and used for research purposes; therefore, they can provide very precise measurements, in various environments, but at increased cost. Operational cost, in particular, is significant because most sensor nodes are powered by batteries, which require additional labor expense for their replacement. Since the number of sensors is limited, battery replacement is not a serious matter; however, if a farmer introduced several hundred sensors in their farm field, and each sensor required battery replacement every year, the project would become unsustainable.
With consideration to scalability issues, battery-less sensors are preferable to battery-driven sensor networks. Energy harvesting is a fascinating alternative for battery-less solutions but it is significantly dependent on environmental conditions, which may result in unstable sensor systems. Thus, various energy management methods have been discussed [3] - [5] since major natural energy sources such as solar and wind power are often unpredictable. Even if such methods can mitigate the stability issues of energy harvesting, concerns still exist with regard to long-term operations; therefore, energy harvesting sensor nodes usually have much larger harvesting and energy storage capacities than the required minimum. Preparing such spare capacity may not be allowed considering system requirements in terms of package size, weight, and cost. Ambient Radio Frequency (RF) energy such as digital TV broadcast radio waves, is relatively stable so it can be used as a suitable power source in urban areas [6] - [8] . In farm fields, however, a strong RF signal is not observed; therefore harvesting would be limited.
The RF energy harvesting technique can also be used for microwave wireless power transfer (WPT). In microwave WPT systems, RF sources are intentionally prepared for supplying power to sensors. Using this technology, we developed the prototype of an agricultural sensor system with microwave WPT [1] . If the RF sources are movable, its coverage can virtually be expanded to a much larger area than the fixed RF source, therefore, an unmanned aerial vehicle (UAV)-assisted Fig. 1 Overview of UAV-assisted microwave wireless power transfer system. The UAV tries to reach the desired power feeding point by leveraging a position estimation method using the measured transmission efficiency by the target sensor node.
WPT system was proposed [9] , [10] . Note that the same concept is applicable for WPT using magnetic resonance [11] . In such a system, UAV has an RF source and feeds power to the sensor node through radio waves. The application of the UAVassisted WPT system to our agricultural sensor networks was considered [12] ; Fig. 1 shows the overview of a sensor system using UAV-assisted WPT. In that system, microwaves are distributed from the UAV, which periodically goes around the farm field. The conversion of RF energy to DC power is achieved using a rectenna, which is the combination of an antenna and rectifier. Then, the sensor node stores the DC power to an energy storage medium such as a capacitor, until it is needed for sensing. In the near future, UAVs will be commonly used in large scale farming applications for remote sensing [13] , pesticide spraying, direct seeding and the collecting of sensor data. Therefore, equipping a UAV with an RF source will enable it to power the sensor concomitantly to performing the other tasks. Thus, farmers will not need to prepare UAVs solely for delivering energy. For power to be supplied from a UAV using WPT, the UAV needs to keep hovering over points suitable for power feeding, which are usually located right above a sensor node. UAV navigation above sensor nodes using Global Positioning Services (GPS) might seem easy but the power transmission efficiency will decrease drastically, when GPS localization errors result in the UAV navigating a half a meter away from the sensor. Since GPS tends to err by a few meters [14] , its accuracy is not good enough for the intended purpose. While more accurate GPS technologies are available, such as the Real Time Kinematic GPS (RTK GPS), which can achieve centimeter order accuracy, they are too expensive to be used in this system. Therefore, in addition to GPS, an additional navigation system is required to ensure that the UAV reaches the correct point.
For navigating a UAV to an appropriate power feeding point, the position of the sensor node needs to be estimated. Localization methods using RF propagation characteristics have been actively discussed both for indoor [15] and outdoor situations [16] . There are various RF signal localization methods based on signal parameters such as received signal strength indication (RSSI) [17] , time-of-arrival (TOA) [18] . Additionally, UAV navigation strategies have been proposed in order to minimize localization errors [19] , [20] . However, these were designed for searching moving signal emitting targets. On the contrary, the targets considered here are stationary and will not have sufficient energy to emit signals continuously, unless a UAV approaches to feed power to them. UAV navigation strate- gies for power feeding had not been discussed at the time of our study, including the situations described above. Thus, we proposed a position estimation technique for power feeding [21] , which is being improved on an ongoing basis.
This paper presents an efficient sensor position estimation method for implementation in the navigation system for UAVassisted WPT. The method is inspired by trilateration, which is a widely used process in position estimation systems such as GPS. The sensor node conveys the transmission efficiency to a UAV, and the UAV then attempts to estimate the optimal power feeding point based on the information it was given. Then, the UAV moves to the estimated point. We initially used a simple hill climbing method to conduct the estimation [12] ; however, a more time efficient method is needed in order to complete the power delivery quickly within the limited flight time of the UAV. In simulation, the trilateration-inspired method can navigate the UAV to a near optimal power feeding location 52% faster than the hill climbing method. This paper is organized as follows: in Section 2, we describe the WPT system implementation and the measurements that relate location dependency to transmission efficiency. In Section 3, navigation algorithms for position estimation are presented. We discuss (a) the hill climbing method and (b) two trilateration-inspired methods: (b-1) the direction-based approach and (b-2) the least-squares approach. In Section 4, the comparative evaluation of these three simulation approaches is presented. In Section 5, we conclude the paper and discuss future work.
Microwave Wireless Power Transfer for Agricultural Sensor System
Since our position estimation method relies on the relationship between distance and transmission efficiency, the location dependency of transmission efficiency, represented by the output voltage of a rectenna, needs to be measured in realistic situations. In this section, we introduce our experimental implementation of a microwave WPT system and present the measurement results of location dependency. The system targets large-scale precision farming as the majority of UAV applications intended for agriculture. The productivity and efficiency of resource usage in the cultivation of grains such as wheat, rice, maize, sorghum etc. needs to be improved in order to satisfy the ever-increasing demand for food. The deployment of numerous environmental sensors, such as soil moisture sensors, and the optimization of irrigation should contribute to enhancing the productivity and reducing the water consumption. In order to operate sensors in large farm fields, which would be at least over 10 ha, the maintenance cost associated with battery replacement will be a serious issue, more so than greenhouse farming. Thus, our expectation was that our sensor would be used in such scenarios. In fact, we deployed soil moisture sensors in a wheat farm in Hokkaido, Japan, for monitoring melt water from snow; we also planned to deploy sensors at rice paddy fields in India for irrigation management. The targeted field size was decided within the range of 10 ha to 1 km 2 .
System Components
As shown in Fig. 2 , the microwave WPT system is usually composed by an RF power source (T-1), RF amplifier (T-2) and transmitting antenna (T-3), receiving antenna (R-1), RF-DC converter (R-2), energy storage (R-3) and sensor node (R-4). In our experimental implementation, we chose the ROHDE&SCHWARZ SMC100A signal generator as the RF source; a 915 MHz single tone signal was emitted, and amplified to 9 dBm by a MAXIM Integrated MAX2235 RF amplifier functioning as an RF amp; the frequency was used for radiofrequency identification (RFID). Both the transmitting and receiving antennas were L-COM HG908PCL-NM UHF patch antennas, whose gain was 8 dBi and beam width was 65 • .
As the RF to DC converter, we used a modified five-stage Dickson charge pump [22] , which worked as a rectifier and voltage multiplier simultaneously. The Dickson charge pump schematics are shown in Fig. 3 . The charge pump can be implemented at low-cost because it is composed only of capacitors and diodes.
Prototype of The Battery-Less Sensor System
To conduct a feasibility study, we developed a prototype soil moisture sensor node, which implements microwave WPT as shown in Figs. 4 and 5. In this prototype, we used the Texas Instruments eZ430-RF2500 sensor node [23] because of its low power consumption. A 2200 μF chemical capacitor was connected to the sensor node in parallel, as an energy storage medium. The sensor node can measure the capacitance of sensor electrodes by measuring their charging and discharging time. The capacitance has a semi-linear relationship to the soil moisture level represented by volumetric water content. Thus, it works as a capacitive soil moisture sensor. Sensor electrodes were implemented on thin polyethylene terephthalate (PET) film and were identical to our profile probe [2] . The measurement circuit was switched to eZ430-RF2500 due to the deliverable energy limitation by WPT. The sensor node required 0.235 mJ for each sensing and communication activity. The microwave WPT prototype can transfer several hundred microwatts over a few meters, even if the transmission power is restricted to less than 250 μW, which is the transmission power limit for 900 MHz RFID. Thus, the sensor node can collect data at every second and we confirmed that the prototype can continue sensing sustainably while microwaves were being supplied.
Measurement Setups
As shown in Fig. 6 , we measured the transmission efficiency with a 1 MΩ load, which was connected to a charge pump instead of the sensor node. The output voltage of the charge pump was measured by a tester. The vertical distance between the transmitting and receiving antennae was 100 cm. To measure the location dependency, we moved the transmitting antenna, which was located just above the receiving antenna, horizontally from −80 cm to 80 cm every 10 cm. In order to simulate the situation of the sensor node being deployed at the farm field, the receiving antenna was placed on the plant pot, which was filled with soil as shown in Fig. 7 (A). Microwaves can be reflected and attenuated by moisture present in crops [24] , when the receiving antenna on the sensor is surrounded by crops such as those shown in Fig. 7 (B). Since we considered the soil moisture profile probe [2] as the primary target sensor for the WPT system, the situation in which the receiving antenna cannot be placed at a high enough position in order to avoid attenuation by crops was assumed. Additionally, the measurement was carried out at two soil moisture levels (Intermediate: 21.7% and Wet: 27.2%; measured by a Decagon 5TE soil moisture sensor [25] ) so that we could observe the effect of moisture in the soil. Hence, the measurement was carried out in the following four situations: (a) intermediate soil moisture without crops, (b) intermediate soil moisture with crops, (c) wet soil moisture without crops, and (d) wet soil moisture with crops.
We assumed that the UAV kept hovering at 100 cm while power feeding. The longer vertical distance made the propagation loss larger. Thus, if we would have been able to navigate the UAV accurately enough, the flight height would have then been as low as possible. Popular grains, such as wheat and rice, are mostly smaller than 100 cm; therefore, we considered 100 cm as an acceptable height for such crops. On the other hand, maize and sorghum were made taller than 100 cm. The larger vertical distance was thought to have an easing effect on the dependency of the receiving antenna's position; therefore, identical measurements with different flight height will be conducted in future work; regardless, this does not alter the bigger picture of location dependency. Figure 8 shows the measurement results. In every situation, the location right above the receiving antenna provided the highest efficiency. An effective zone for power feeding seemed to exist at ±40 cm. While attenuation by crops generally degrades the transmission efficiency, location dependency seemed to have similar shapes in both situations. The effect of soil moisture level change was negligible. Figure 9 shows the result of another measurement that was conducted in order to evaluate the relationship between the receiving power and the position of the transmitting antenna. For energy supply, we used PowerCast TX91501, which has a 915 MHz/1 W RF output, with an 8 dBi patch antenna. Note that PowerCast is powered by a Li-ion mobile battery. The reason why we changed the set-up of the experiment was that the measurements had to be done outdoors, where the ground was covered by short weeds and where measuring instruments such as the signal generator should not be able to endure the dusty environment. We thought that power source differences will not have any effect on the result since the same frequency was used. The vertical distance z between the transmitting and receiving antennae was kept at 100 cm while the horizontal position was changed from x = 0 cm to x = 70 cm and y = 0 cm to y = 70 cm. Every measurement was taken 3 times and the result represented their average value. The result showed that there was no significant difference between the x and y directions. In our position estimation method, we need to have a relationship model in order to estimate the distance based on the measured efficiency value. The relationship would not change dynamically in the short term unless the canopy of plants covered the receiving antenna; therefore, we assumed that the model was mostly static. We used simple approximation, relying on the measured data rather than the defined model based on electromagnetic theories, because any structure in the farm field including crops, UAV, and ground surface would affect the microwaves and, therefore, we would not be able to assume free space propagation. In this work, we assumed that the relationship which is expressed as the following equation fitted the measured result:
Measurement Result and Modeling
Note that r is the horizontal distance (cm), V is the output voltage (V) of the rectenna, and a, b are constants, which depend on field environment. Parameter n need to be determined experimentally so we tested n = 1, 2 or 3 with measurement results under situation (a). Then, we chose an appropriate value by minimizing the errors using the least squares method. Finally, n = 2, a = 3348.83 and b = 840.676 gave the best fit to the measured data. By using this model, distance r could then be calculated as follows: 
Therefore, the UAV can estimate the sensor position based on sensor node feedback.
Navigation of UAV for Efficient Power Feeding
In this section, we introduce two methods of UAV navigation for power feeding. Both methods navigate a UAV to a desired power feeding position. The procedure is described in the diagram shown in Fig. 10 .
First, the UAV tries to move near the sensor node using GPS. It defines an initial point and gets the output voltage information from the sensor node through wireless communication. Then, this is saved as baseline voltage (Initialization). Second, the UAV moves to another point that is assumed to be a better power feeding candidate point. This part plays the most important role in achieving efficient navigation; therefore, the major differences of the three approaches occur in this part (Position estimation). Third, the UAV retrieves the output voltage from the candidate point and compares it with the baseline voltage (Measurement). If the measured voltage cannot overcome the baseline, the UAV should return to the previous point (Revert); otherwise, the UAV should stay on the current point since it would have optimized its position. Further, the UAV confirms whether the output voltage overcomes the threshold, which means that sufficient transmission efficiency has already been earned at this point. Then, the UAV stops moving and remains stationary until the sensor node receives sufficient energy (Arrived). Until that happens, the UAV updates the baseline voltage and iterates until the output voltage becomes higher than the threshold.
In the following part, we discuss how to calculate a more optimal position. There are two methods: (a) the hill climbing method and (b) the trilateration-inspired method. We also tried two different variations of the trilateration-inspired method: (b-1) the direction based approach and (b-2) the least squares approach. Therefore, the three approaches were compared.
Hill Climbing Method
The first approach we considered is the hill climbing method, which consists of a UAV randomly moving around as it tries to find a power feeding position that is better than its current position. Since transmission efficiency and the distance to a sensor node have a hill-shaped relationship, as shown in Fig. 8 , the UAV will eventually reach the optimal power feeding position when the initial point is close enough to the sensor node in order for power efficiency changes to be sensed by moving at random. In this method, the UAV chooses the next point randomly at d cm farther from its current position; therefore, position estimation is not applied. This is a simple process, which does not require excessive computation, in addition to being robust to environmental changes. However, it entails a good amount of iteration for a suitable power feeding point to be estimated; therefore, a relatively long period of time is required for feeding enough energy to the sensor nodes. The flight time of a UAV is restricted by its battery capacity, which means that the coverage area of the UAV decreases when a longer amount of time is consumed. Thus, a larger number of UAVs are required to cover entire farm fields, which leads to increased cost. To avoid this problem, more sophisticated sensor position estimation methods need to be developed.
Trilateration-Inspired Method
As we described in Section 2.4, the distance to a sensor node can be assumed by (2) . Under the condition that the UAV moves only in the horizontal direction at a constant altitude, if the UAV measures the distance at more than three different points, the sensor location can be estimated by trilateration. In this approach, three circles should intersect as shown in Fig. 11 (a) ; however, when distance measurements are not accurate enough, we cannot find the intersection of three circles. Nevertheless, the intersection of two circles can be found as shown in Fig. 11 (b) . Unfortunately, we cannot expect our distance estimation to be sufficiently accurate for simple trilateration because it contains various reflection effects and attenuation caused by surrounding structures. Hence, we need to figure out an appropriate way of estimating sensor node positions, even if the intersection of three circles cannot be observed. In the discussion that follows, the UAV is assumed to move horizontally at a constant altitude. In other words, it moves on the xy plane and the altitude z is constant.
Direction based approach
The first approach was to rely on the heuristic assumption of the sensor node being in the direction where the intersection of two circles is most frequently observed. Figure 12 shows an example that explains this approach. First, a UAV measures output voltages in order to estimate the distances to a sensor node at eight points, which are marked as blue squares, on the circle whose radius is d cm and divided into eight equal parts. Based on the measurement, eight circles can be drawn and the intersections of two circles can then be plotted; these are marked Fig. 12 Working of the direction-based approach: the direction with most intersections is selected.
as triangles. Second, the number of intersections is counted in each direction and the direction including the largest number of intersections is selected as the probable direction; this direction is the one filled with gray. Third, the average position of the intersections included in the direction, which is marked as a circle, is chosen as the next point; then, the UAV will move there and iterate the position estimation until it reaches a suitable power feeding area. The estimated point is not necessarily the same as the actual position of the sensor node, which is marked as a cross; however, it is accurate enough to shorten the distance to the sensor node within the number of steps that is smaller than the number of steps required by the hill climbing method. While reasonable position estimations can be provided by this approach, one concern is that if a sensor node is near a direction boundary, the distribution of intersections may not be concentrated enough to prioritize directions.
Least square approach
Another approach consists of using the least-squares algorithm to estimate the position. In the GPS, when signal from more than four satellites is observable, redundant information is leveraged for error correction using the least squares method [26] . In our case, redundant information is also considered in order to correct measurement errors; therefore, the least squares approach can also be exploited. The advantage of this approach is that it is not limited by the direction boundary issue of the direction-based approach; therefore, this approach can achieve more consistent estimations. When the distances from the sensor node are measured, the position of the sensor node (x s , y s ) needs to satisfy the following equation:
Note that, i represents the location of measurement; therefore, R 1 is the distance from measurement point 1 to sensor node. In the discussion that follows, measurements are assumed to be done at m points. To obtain the position quickly, we used linear approximation so that x s and y s were represented as the sum of the appropriate initial value (x 0 and y 0 ) and correction value (Δx and Δy), respectively:
Then (3) can be expressed by a linear approximation as follows:
ΔR i is also expressed as:
Therefore, their partial derivatives are:
In short, we will call them as α i and β i respectively; (4) can be written as
When
Equation (6) can be simplified as follows:
Thus, the correction value can be calculated by:
The initial value x 0 and y 0 are updated using the correction value. Iterating the correction will give a reasonable result; once the correction value gets small enough the calculation will have be finished. However, our estimated distance R i at position i includes the measurement error i . The least squares method tries to minimize its square sum:
The observation (9) is shortened by replacing ΔR and ΔX by R D and X D , respectively, as follows:
Then, f will be the square sum that needs to be minimized:
By minimizing f , we get the partial deviation of f with respect to X D and proceed to calculate the extreme value:
Next, both sides are transposed and a normal equation is obtained:
Finally, X D can be calculated as
By using the least squares approach for position estimation, even if some noise and errors are included in the measurement, the reasonable position candidate will be estimated within several corrective iterations.
Simulation and Result
The three approaches mentioned above were tested by conducting a simulation of the UAV navigation and power feeding system, for the purpose of performance comparison. In this simulation model, the sensor node charges with energy received from the UAV and stored in its energy storage medium as is, since an end-to-end transmission efficiency model will be used, based on the real measurement mentioned in Section 2.4. The energy storage medium should be a super capacitor so that charge-discharge loss may negligible. In addition, the selfdischarge of stored energy is ignored as it would be negligible compared to the power supplied during power feeding. The sensor node only consumes the energy stored for sending feedback information to the UAV. The required energy is assumed to be constant and the communication error is assumed not to occur because feedback communication happens only in a few meters and only a single sensor node communicates with the UAV at the same time. The required energy is assumed to be 0.235 mJ, which is the required amount for sensing the output voltage and sending feedback via wireless communication using the Texas Instruments eZ430-RF2500 sensor node. In this simulation, the UAV could accurately move to the destination. We noticed that, in the real world, a UAV may not reach the target location due to wind or other environmental conditions; however, this does not have significant effect on the result of comparison. The following simulations were carried out using Python 2 on Ubuntu 15.10 installed on a ThinkPad X220 (Dual-Core 2.5 GHz CPU) notebook. The Sympy Python package was utilized for formulating the logic of the simulation.
Power Feeding and Measurement Model
As shown in (1), the output voltage V o , which the sensor node will observe and use for charging, can be approximated by using the following function of distance x: Fig. 13 Success rates of position estimations for each approach. The target is reaching the desired feeding point where over 50% efficiency is achievable.
However, the received power should contain some variability due to various factors involved in the UAV's position, microwave propagation, and energy conversion processes. Since accounting for all of these factors would be difficult, we simply added generalized variability to the received power. We assumed that the variability model had normal distribution N(μ, σ). μ represents the mean of the received power P r = V 2 o /R and can be derived from (13) . σ represents the standard deviation and is defined as half of μ.
In our methods, a UAV reaches a decision based on relative transmission efficiency, by comparison to the best power feeding point; therefore, the definition of efficiency is:
V max was 3.9 V in our measurement; thereby, the efficiency η can be calculated by substituting the measured value of V o into (13).
Radius Size Evaluation
Our trilateration-inspired methods have a parameter d, which represents the radius size of a sensing circle. In other words, it is measurement density because all measurements will take place on the circle. In general, the measurements that are carried out within a small area did not differ, because distances from sensor nodes do not change much. Therefore, a small d value is not suitable when searching for the optimal power feeding point. Note that the radius d can be decided without regard to GPS navigation accuracy because modern UAVs can measure its relative position change by utilizing sensors (e.g. image sensor, accelerometer and gyro sensor). On the other hand, a large d value, of a few meters, will not make any sense either because transmission efficiency changes drastically within one meter, as shown in Fig. 8 . A reasonable value for d should be determined through simulation. In this simulation, a UAV was dropped 100 cm farther from a sensor node and tried to approach it. Then, it measured the efficiency at the current position and eight other points on the sensing circle in order to estimate the location of the sensor node using each considered approach. Figure 13 shows the position estimation success rate in 100 trials for each d. The "Over 50%" means the position estimation method's successful estimation of the desired area for power feeding and the UAV approached the area where the transmission efficiency exceeded 50%. The "Over 10%", means that the UAV approached the area where the transmission efficiency would have exceeded 10 % but could not reach the desired area. The "Neutral", the UAV moved closer to the sensor node but was unable to achieve a clear improvement of efficiency. The "Failure", means the UAV moved farther than the initial position where the distance from the sensor was over 100 cm. The gray zone, "Calc Failure", only occurred in the least squares approach. The least squares method could not reach the reasonable value since it would never converge by iteration. In that case, the UAV would be unable to estimate the next position; therefore, reattempting from a non-efficient measurement would be required. A significantly small d value, such as 10 cm, produced many failures, and the UAV rarely reached the desired area, in both the direction based and least squares approaches. The direction based approach failed more frequently, at any value of d, compared with the least square approach at any d. This means that the direction based approach is unstable and may cause unexpected slowing of power feeding. On the other hand, the position estimation results obtained by the least squares approach were quite accurate, especially when d was larger than 30 cm. However, with d = 10 cm, too many "Calc Failure" were observed. The value of d should be set larger than 20 cm, in order to avoid retries and longer feeding time. A larger d produced a better success rate in this simulation; however, a larger d may also cause the UAV to make unnecessary moves, which is inefficient for shortening the power feeding time. Therefore, intermediate d around 30 cm is most appropriate, since the UAV achieves mostly over 10% efficiency in the least squares approach.
Power Feeding Time Evaluation
The eventual goal of position estimation is to shorten the power feeding time; therefore we compared the completion times of the three methods. In this simulation, we measured the time needed to supply the target amount of energy to a sensor node. The target amount of energy was set to 3.24 mJ. This was assumed to be adequate in order for the eZ430-RF2500 sensor node to continue sensing data every hour for a day without wireless communication (0.135 mJ/h × 24 h.). In our scenario, the sensor node stores the sensed data locally and sends it to the UAV which approaches the node for power feeding; therefore, the data would not be uploaded in the typical manner with regard to sensing activity. Note that a large part of agricultural sensing systems, such as soil moisture sensing, do not require frequent sensing since these environmental conditions do not change radically in a short period of time. Mea- surements taken at hourly -or less than hourly -intervals will suffice, and thus, a large amount of energy is not needed for sensing. In this evaluation, the movement speed of the UAV is 10 cm/s and the UAV is required to stay at one measurement position for 1 s in order to retrieve data from the sensor node. Note that the time consumed while moving and measuring was accounted for in the result. The initial position of the UAV is randomly chosen at 80 cm to 120 cm farther from the sensor node. We repeated the simulation 100 times for each method with a different value for d. These simulation parameters are summarized on Table 1 . In this evaluation, only the time for the single sensor node was measured because we assumed that another sensor will be located much farther from the target sensor node; therefore, it was considered infeasible to feed power to multiple sensor nodes concurrently. Therefore, the UAV is required to conduct power feeding on a one to one basis. Then, the power feeding to multiple sensor nodes can be considered as iterations of the power feeding to a single sensor node and each iteration is independent. Note that the interval between soil sensors is typically a few dozen meters, due to soil parameters, such as soil moisture, being the same within the range of a few meters; therefore, high density measurements will not be required most of the time. Additionally, if we consider situations where the sensor nodes are located within a very small area, where it is possible feed power to multiple sensors, the strategy should be redesigned to consider simultaneous power feeding to multiple sensors. In such a scenario, a feedback fusion mechanism should be introduced. Our proposed method was not designed for high density sensing scenarios. Next, we gathered the obtained results and determined the average and worst performance. As shown in Fig. 14, both trilateration-inspired approaches generally outperformed the hill climbing method while the least squares approach had the worst performance when d was smallest (10 cm). The bad performance of the least squares method with d = 10 cm is probably due to the large amount of retries triggered by calculation failures. As mentioned, a small d value would not produce meaningful measurements; therefore, it should not be set smaller than 20 cm. According to the average performance results, the best performance for every method, was given by d = 30 cm. Note that the hill climbing method with appropriate d should be better than just relying on GPS navigation. If GPS estimates the position with a random error of a few meters, this would be almost equivalent to the hill climbing method with d is equal to several meters, in which the UAV randomly moves in incremental steps of a few meters, while it is controlled by feedback. This should not perform better than the hill climbing method with d = 30 cm and the trilateration-inspired methods when energy consumption for feedback is not as significant as losing an opportunity for efficient power feeding. For example, if the maximum feeding power is 1 mW, 1% efficiency improvement earns 10 μW gain. According to the radius size evaluations, expected values of efficiency improvement by the trilateration-inspired methods are around 45 % and 31 % with the least squares and direction based approaches respectively and 0.45 mW and 0.31 mW gain are expected. As required energy for a feedback is 0.235 mJ, sending feedback should give larger return than its energy consumption. By comparing the two trilateration-inspired approaches, when reasonable d was set, the least squares method achieved the best performance, on average, and also outperformed the other methods in the worstcase scenario. The reason why the direction based method was time consuming and sometimes struggled to reach the desired feeding point was related to the boundary issue mentioned in 3.2.1. In conclusion, the least squares approach with 30 cm radius was shown to be the best position estimation method because it achieved the shortest average feeding time. Under this setting, the least squares approach was 52% faster than the hill climbing method and 26% faster than the direction based method, on average. In other words, by using the proposed least squares approach, compared to the hill climbing and direction based methods, a UAV can deliver a larger number of sensors, by approximately 110% and 35%, respectively, in the same amount of flight time.
Conclusion
In this paper, we discussed how to navigate a UAV to a desired power feeding area by using sensor node position estimation. First, we defined the power transmission model based on measurements with prototype implementation of a microwave power transfer system. Secondly, we described the candidate methods for navigation. The hill climbing method is the simplest baseline strategy. Our proposal was to use trilaterationinspired methods and two variations of this method were implemented: the direction based approach and the least squares approach.
The former approach relies on the heuristic assumption that the intersections of two circles will be concentrated in the direction of the sensor node. While it can generally outperform the hill climbing method, as we showed through simulation, it can occasionally take too much time for power feeding. The later trilateration based approach was proposed in order to solve the direction boundaries issue of the direction-based approach. Instead of counting intersections, it estimated the location in order to minimize measurement errors, using the least squares method implemented in GPS. It achieved better performance than the direction based approach as long as the size of the measurement circle was appropriately chosen. In our simulation, the reasonable size was 30 cm but revisiting this value is recommended when the power feeding model changes. With this setting, we accomplished power feeding 52% faster than the hill climbing method and 26% faster than the direction based approach. This improvement will contribute to making UAV energy delivery to even more sensor nodes possible, in a single flight and, additionally, to even less UAVs required to cover an entire sensing field.
In future work, we plan to implement the UAV assisted microwave wireless power transfer system and the navigation method in order to conduct testing in actual farming fields. By using data from actual UAV operations, we will be able to make more accurate transmission efficiency models and evaluate various factors such as UAV positioning errors. Since UAVs will be exploited for various purposes, reasonable coordination with other tasks, such as seeding, scanning and spraying should be considered; therefore, in future work, we will also discuss how to prioritize tasks that include power feeding for the purpose of achieving synergetic multi-tasking.
